Die soldering is the result when molten aluminum sticks to the surface of the die material and remains there after the ejection of the part; it results in considerable economic and production losses in the casting industry, and is a major quality detractor. In order to alleviate or mitigate die soldering, one must have a thorough understanding of the mechanism by which the aluminum sticks to the die material. A key question is whether the die soldering reaction is diffusion controlled or interface controlled. A set of diffusion couple experiments between molten aluminum alloy and the ferrous die was carried out. The results of the diffusion couple experiments showed that soldering is a diffusional process. When aluminum comes in contact with the ferrous die material, the iron and the aluminum atoms diffuse into each other resulting in the formation of a series of intermetallic phases over the die material. Initially iron and aluminum react with each other to form binary iron-aluminum intermetallic phases. Subsequently, these phases react with the molten aluminum to further form ternary iron-aluminum-silicon intermetallic phases. Iron and aluminum have a great affinity for each other and the root cause of die soldering is the high reaction kinetics, which exists between iron and aluminum. Once the initial binary and ternary intermetallic phase layers are formed over the die material, the aluminum sticks to the die due to the abnormally low thermal conductivity of the intermetallic phases, and due to favorable interface energies between the intermetallic layers and aluminum. The experimental details, the results of the interface reactions, and the analysis leading to the establishment of the mechanism giving rise to die soldering are reviewed discussed.
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I. INTRODUCTION
from the steel diffuses into the aluminum melt resulting in the formation of intermediate layers of binary Fe-Al and DIE soldering, or die sticking, is a casting defect in ternary Fe-Al-Si phases. Once these phases consolidate and which molten metal "welds" to the surface of the metallic prevent further aluminum-steel contact, the aluminum sticks die mold during the casting process. The defect is prevalent to them and results in soldering. Figure 2 shows a schematic in aluminum die casting and permanent mold-casting indusof the cross section of a soldered die steel-aluminum tries. The cast-aluminum alloy sticks to the tool steel-die interface. material and remains there even after ejection of the casting.
The aim of this publication is to establish a mechanism for Subsequent casting suffer from dimensional and surface findie soldering. The microstructural features of the soldering ish issues; die soldering is a quality detractor. As a remedial interface are reviewed and discussed. The various intermedimeasure, the casting operation is stopped to repair or replace ate compounds found in the soldering microstructure are the die. Previous work [1] [2] [3] [4] [5] [6] [7] [8] [9] [10] has not alleviated the problem, identified through scanning electron microscopy (SEM), and the issue of die soldering remains to be a serious detracenergy dispersive X-ray spectroscopy (EDX), and X-ray tor in the casting industry. diffraction techniques. Moreover, the analysis presented here Die soldering is the result of an interface reaction between gives an understanding of the nature and kinetics of the the molten aluminum and the die material. Aluminum 380 growth of the intermediate compounds, which extend beyond alloy and H-13 die steel are the most prevalent melt and the soldered layer. The results of the experiments clearly die material used in aluminum die casting. Figure 1 is an indicate that soldering is a diffusion-driven reaction-the illustration of the harsh environment that is present during iron diffusing out of the tool steel into the molten aluminum the die casting process. The molten metal is shot in through and forming the intermediate layers. The role of the various the gate of the die at high pressures, temperatures, and velocidifferent alloying elements in molten aluminum during solties. The casting cycles are generally less than 1 minute. dering has also been investigated and analyzed. Hence, the die surface is subjected to repeated shots of aluminum melt resulting is excessive wear. This results in damages to the die surface coating and the lubricant. Subse-II. BACKGROUND quently, the steel surface of the die comes in contact with Extensive metallographic analysis of soldered interfaces the aluminum melt. The aluminum attacks the weak regions between aluminum and H-13 tool steel die was performed. [11] in the steel microstructure, and erosion pits form. The iron Samples were obtained from commercial die casters* with formed in a soldered cross section result from a multicomponent diffusion-couple reaction containing H-13 tool steel at one end and an aluminum-silicon alloy melt at the other, rather than a single component system as is the case in aluminizing of steel. The nature of the diffusion process seems to be similar in both of these processes, but the composition and the thickness of the intermediate phase layers are different. Wladyslaw and Alexander [10] observed that the mechanism of soldering is not an electrochemical one but that it is purely based on the diffusion and chemical reactions of the elements in the die (solid) and the liquid metal. Experienced aluminum die casters have observed that different grades of aluminum alloys differ from each other in their tendency towards soldering. According to Wladyslaw and Alexander [10] aluminum exhibits a strong adhesive tendency to stick to On the other hand, the presence of other alloying elements, such as Si, Cu, Mg, etc., resulted in the formation die soldering; irrespective of the process conditions (time, temperature, and die surface area), there was a consistent of a number of complex intermetallic compounds in the intermediate alloy layer. Wladyslaw and Alexander also specific ratio of 1:5 between the thickness of the intermediate layer and that of the total soldered layer. [12] Even though established that the soldering tendency of the primary aluminum metal is the greatest, followed by that of the Al-Mg this ratio remained constant, the nature and thickness of the intermediate layers did change when the die material or the alloy, the hypoeutectic Al-Si alloy, the Al-Si-Cu, and the eutectic Al-Si, which has the least soldering tendency. aluminum alloy composition changed. [13] Thus, the role of the intermediate layers formed during die soldering is critical Increasing amounts of silicon in the aluminum decreased the growth rate of the intermetallic layers. Takeda and in establishing the overall mechanism. A critical literature search was carried out focusing on the compositional effects Mutazaki [8] gave a comprehensive list of all the intermetallic compounds that can be formed in an aluminum-iron-silicon of the aluminum melt and die and the thermodynamics and kinetics of die soldering.
system. These are tabulated in Table I and present a qualitative understanding of the possible intermediate compounds Hot-dip aluminizing of steel is a process where the goal is to have the aluminum stick to the steel strip substrate.
that can be formed in an iron-aluminum-silicon ternary system. Our initial studies [11] indicated that the nature and thickness of the intermediate phases formed in a soldered cross section Carrying out SEM analysis of aluminized samples with Al-10 wt pct Si alloy (Type I process), Denner and Kim [15] was similar to that formed during aluminizing of steel. Thus, it will be relevant to review the literature on aluminizing of have shown that for short immersion times, in the order of 5 seconds, the -FeAl 3 initially forms as a very thin layer steel as it will shed insight into the die soldering process. Several researchers [14] [15] [16] [17] [18] [19] [20] [21] [22] [23] have observed and established the at the steel interface. This is immediately followed by the formation of the -Fe 2 Al 5 layer, and as this layer grows, it nature of these intermediate layers along with their growth kinetics. There are two methods to aluminize a steel sheet.
contains isolated and nonisolated particles of -FeAl 3 . Both of these phases contain an elemental silicon phase. In the Type 1 processes use aluminum-silicon melt to coat, while pure aluminum melt is used in the Type 2 processes. Most presence of silicon in the aluminum, the -Fe 2 Al 5 layer is followed by the formation of the 5 -Fe 2 SiAl 7 layer. The 5 of the work done in aluminizing considered a plain carbon steel or iron sheet coated with aluminum. However, in castlayer is then followed by the formation of coexisting layers of 6 and 2 intermetallic phases. Lastly, aluminum gets ing, the die surface is typically H-13 tool steel, and the alloy is typically an aluminum-silicon alloy with various other coated above all these intermediate layers.
The aluminum coat contains raftlike particles that are predominantly composed of the 6 and 2 intermetallic compounds. Not surprisingly, the composition of the intermediate layer in aluminized steel is similar to that found in die-soldered microstructures. In contrast, when there is no silicon present in the aluminum melt, the interaction of the melt and the steel surface is quite different. In the Type 2 aluminizing process, the steel-alloy layer interface is highly corrugated, and the FeAl intermetallic compounds are the only ones that are formed. Here, the aluminum coat is much thinner compared to that of the intermetallic layers, while in Type 1 process, Fig. 3-Schematic diagram showing the setup of the diffusion couple between the die material and the molten aluminum alloy the intermetallic layer is thinner. [14, 16] The reason why silicon retards the growth of the alloy layer is controversial. Nicholls [17] and Heumann and Dittrich [18] are The behavior of these elements is exemplified by the of the view that aluminum is the chief diffusing species in theory proposed by Akdaniz et al. [24] For example, at a the Type 2 aluminizing process. They rationalize that silicon temperature of 800 ЊC, the value of ( Al Si C Si ) ϩ ( Al Al C Al ) atoms occupy the structural vacancies of the -Fe 2 Al 5 [23] conpct of Si x . For this condition, the value of (␥ Al ) in Eq. clude that the effect of silicon arises from the formation of
[2] is a small fraction, and thus, the chemical potential of Fe-Si-Al ternary phases, which nucleate and grow at a slower aluminum given by Eq. [1] is decreased due to the presence rate than -Fe 2 Al 5 . These authors strongly dispute of silicon. It can be concluded, therefore, that diffusion of Nicholls' [17] view that aluminum is the primary diffusing aluminum in an intermetallic layer containing silicon is negspecies in the Type 2 aluminizing process. Based on a few ligible compared to one without silicon. A similar analysis solid-state diffusion experiments, they claim that iron is the can be performed to demonstrate the effects of various other faster diffusing species. Subsequently, Kurakin and Fiz [19] elements on the chemical potential of aluminum in the interstated that the primary diffusing species in the Type 2 process metallic layers. was iron and that in the Type 1 process, it was aluminum.
Iron content in the casting alloy plays a very crucial role This was explained in terms of the disruption of steel/ -in causing soldering. According to Norström and KlarenfiFe 2 Al 5 interfacial contact in Type 2 aluminizing. This is not ord, [8] the maximum solubility of iron in aluminum is 3 wt apparent in Type 1 aluminizing, where silicon retards the pct at 700 ЊC. The soldering phenomenon decreases as the growth of this phase. Komatsu et al. [20] and Denner et al. [15] iron content approaches the maximum solubility value. Also, subscribe to the viewpoint that the silicon accelerates the the iron content influences the growth of the intermediate velocity of the iron enrichment in aluminum melts. Eggeler layer, which has a direct influence on soldering. Holz [26] et al. [16] conducted coating experiments that convincingly found that the soldering tendency of an alloy with 0.8 wt proved that the iron enrichment theory is not valid. They also pct iron is high and that of an alloy with 1.1 wt pct iron is confirmed that silicon influences the diffusion conditions in very low. This is because as the iron content in the cast the -Fe 2 Al 5 phase. metal reaches its saturation level, the chemical potential Studying the parameters that have a deleterious effect gradient, which is the driving force for the diffusion of the on the aluminizing process is critical to understanding die iron atoms from the die to melt, is greatly reduced. soldering. For example, there are various alloying elements Though the literature search was helpful in a qualitative that can be added to the aluminum melt that will either understanding of the role of alloying elements in the molten increase or decrease the thickness of the intermediate layer.
metal, the work to date does not offer a quantitative underUnfortunately, the aluminizing literature does not offer a standing. A mechanism of die soldering is needed to be able clear and comprehensive theory that can be applied to die to control the process. soldering. By extending the theory proposed by Akdaniz et al., [24] the role of these elements in affecting the activity coefficients of the diffusing species in the intermetallic layers
III. EXPERIMENTS can be determined from the general equation developed
The intermediate layers that are formed at the tool steel by Wagner. [25] and molten aluminum interface are the result of a diffusional excess i ϭ RT ln ␥ i [1] process wherein the iron atoms diffuse out of the tool steel into the aluminum melt. However, whether it is an interface-
controlled or a diffusion-controlled process can only be determined by performing multicomponent diffusion-couple where ␥ 0 i is a constant and is independent of concentration of constituent elements in the intermetallic layers. The subexperiments. Figure 3 shows a schematic diagram of the experimental setup used for the diffusion-couple script i can be substituted by any element in the layer. The ␥ i is the activity coefficient of element i, and j i is the experiments. In this set of experiments, a disk of H-13 die material of interatomic interaction parameters of the element i due to element j. The c j is the atomic concentration of the element dimensions 0.75-in. diameter and 0.25-in. high was taken and preheated to 325 ЊC. The surface of the H-13 steel disk j in the intermetallic layers.
had been polished to a 325-grit finish. Half of the polished surface was coated with a layer of white boron-nitride paste to prevent the aluminum from interacting with the steel substrate. This coated area of the surface was used as a reference point to measure the depth of attack on the steel surface by molten aluminum. The die material sample was then placed in a ceramic trough of diameter 0.75 in. such that there was a negligible gap between the walls of the trough and the cylindrical sample. Aluminum melt was then poured into the trough over the steel surface, and the system was left undisturbed in a furnace maintained at 625 ЊC. The melt used in the experiment was industrial grade 380.1 alloy. The diffusion couple was kept for three different times of 48, 120, and 168 hours, and subsequently, the samples were quenched in cold water to arrest any further reaction. Furthermore, three samples were sectioned for metallographic analysis for each of the different diffusion times.
Three samples from each of these die-soldered interfaces were metallographically examined. Specifically:
(1) Scanning electron microscopy was performed on the samples for both a quantitative and qualitative understanding of the various phases that formed during the diffusion process. The distribution of all the phases and elements present in the diffusion zone was determined. This was accomplished via extensive X-ray mapping of all the elements in the diffusion zone. (2) A second sample from each of the experimental runs was used to evaluate the structure and stoichiometry of the various phases present in the intermediate compound layers. The intermetallic compounds were stripped out of the steel surface and were crushed into a fine powder, which was then mounted on a glass plate. X-ray diffraction patterns were then obtained to establish the identity of the intermetallic phases present in the diffusion zone. (3) A third sample from each of the experimental runs was showing the formation of the initial intermetallic phases between iron and aluminum (mostly binary phases). Also, observed is the eroded steel surface floating in the aluminum layer. The spalled steel phase also reacts with aluminum to IV. RESULTS give raftlike intermetallic phases. (Fig. (d) ). Micrographs (b), (c), and phases that fit into the pits on the steel surface.
(d) show magnified portions in (a).
considerably, and soldering is more defined. Notice the raftlike steel phases floating in aluminum have undergone complete reaction and have changed into intermetallic phases. In Figure 4 (d), the pits have become more developed. Radial growth of the intermetallic phases gives rise to pyramidshaped intermetallic layers over the pits due to iron diffusion. A well-defined and compact intermediate-phase layer is observed in Figure 4 (e); moreover, the pits are straightening. The sole contact between molten aluminum and steel is through the gaps between adjacent pits. Initial formation of pyramid-shaped intermetallic phase from the pits can be noticed in Figure 4 (f); this is due to iron diffusion. In all the microstructures, the top porous layer of the intermetallic phase is primarily ␣ -(Fe,Al,Si) phase, whereas the bottom compact layer is primarily -Fe 2 Al 5 and other binary ironaluminum phases. The phase identities have been validated along with the results of the diffusion-couple experiments and the X-ray diffractometer analysis. In Figure 5 , the die material is H-13, and the aluminum alloy is 380.1. Figure 5 die material in both cases was H-13 with similar heat treatment, and the sample. The thickness of the intermetallic layer is smaller to that seen in cast alloy was aluminum 380.1. the 1 week diffusion couple sample shown in Fig. 6 . In addition, the thickness of the ternary phase is greater than the binary phase, contrary to that seen in the 1 week sample.
(48 hours) diffusion reaction. This image also shows the presence of the intermediate layers but in various proportions is H-13, and the alloy is an industrial grade 380.1. Figure  of thickness as compared to the 1-week-long diffusion sam-6(a) shows the various layers that are formed between the ples. Figure 9 shows a comparative analysis of the microsteel surface and the aluminum alloy during diffusion. Fig- structures from a soldered sample obtained from the die ures 6(b), (c), and (d) show magnified microstructures of casting industry along with the sample that underwent a these intermediate phases. Figure 7 shows a low-magnifica-168-hours diffusion reaction. tion SEM image of the intermetallic layers. This sample was Figure 9 (a) is a sample from a die casting industry. It obtained by stripping the intermediate phase layers between shows the intermetallic layers formed between steel and the steel and the aluminum. Figure 6(a) is the cross-section aluminum. Figure 9 (b) is a sample from the diffusion couple SEM image showing the various layers of intermetallic between H-13 and aluminum alloy (168 hours). Figure 9 (c) phases between the steel and aluminum alloy. Figure 6(b) is an enlarged image of the binary -Fe 2 Al 5 phase in the shows the ternary ␣ -(Al,Fe,Si) phase. Energy peaks of manmicrostructure shown in Figure 9 (a). Notice the precipitation ganese and zinc were also seen in the EDX spectrum of this of the silicon-rich phase in this phase layer. Figure 9 (d) is layer. Manganese and zinc formed compounds on the phase an enhanced image of the portion marked in Figure 9 (b). boundaries of the ternary ␣ -(Al,Fe,Si) phase. These comThis image shows the presence of a layer between -Fe 2 Al 5 pounds were mostly etched out during the extended diamond and ␣ -(Fe,Al,Si) phase layers, which is the -Fe 4 Al 13 phase. polishing and left behind pits on the phase boundaries, as Also, notice the silicon-rich phase precipitating in theseen in the image. Figure 10 shows the results of EDX spot-pattern analysis layer formed near the steel surface. Identity of the -Fe 2 Al 5 from the various spots across the diffusion-couple interface. phase was confirmed through EDX analysis. Silicon was
The sample is from a 168-hours diffusion couple. The white found as large precipitates in the binary phase region, at line running across the micrographs represents the line on the grain boundaries, and at the interface. Energy peaks of which each of the spots was present. The profile was obtained chromium and sulphur were also picked up by the EDX of by spot EDX in a JEOL* 840 SEM using KEVEX**-Sigma this layer. In Figure 7 , the intermetallic layer was stripped off the steel (H-13) surface, and the pit formation is clearly *JOEL is a trademark of Japan Electron Optics, Ltd., Tokyo, Japan.
evident. The intermetallic phases grow in a columnar pattern. **KEVEX is a trademark of Kevex Corporation, Foster City, CA.
The silicon precipitation can also be seen in the Fe 2 Al 5 phase layer at the phase boundaries. The growth of the intermetallic software. The iron concentration was complimentary to the aluminum concentration, and it steadily decreased from the layer continues until the cracks between adjacent pits in the intermetallic layer close, allowing no further aluminum steel interface to the soldered aluminum. Figure 10(a) is the secondary electron imaging (SEI) image, showing the melt access. Figure 8 shows the microstructure of the diffusion zone various layers of intermetallic compounds between the steel and the aluminum. Figure 10(b) is an enlarged portion (near cross section of a sample, which had undergone a 2-day the steel interface) of the section shown in Figure 10(a) . The various layers of iron-aluminum binary alloys formed close to the steel interface are evident. Figure 11 shows the results of the X-ray mapping of gray scales. The brighter the zone, the greater the concentration of the element in that region. The concentration profile the cross section of the sample that underwent 168-hours diffusion reaction. The distribution of iron, aluminum, siliwas scanned across the thick line shown in each of the images. The image was acquired at the interface between con, and chromium are given. The profile was taken on the JEOL 840 SEM using the KEVEX-Sigma software. The the binary and the ternary phases in the intermetallic region. It can be observed that silicon is present at this interface image is of 1024 ϫ 1024-pixel resolution, and the scanning was done on the straight line running across the microstrucas precipitates. Analyzing unpolished and polished regions of the layer explains the distribution of the minor elements, ture. Data was analyzed on 1024 spots on the line running from the die material to the soldered aluminum. The resii.e., zinc, manganese, chromium, etc., and the cause of the porosity in the ternary phase. These elements exist primarily dence time of the electron beam on each data point was 8 s. The profile shows the active part of iron and aluminum as precipitates in the ternary phase and the interface between the binary and the ternary phase, as can be seen from the in the first few layers from the steel surface. Binary compounds of iron and aluminum form first with chromium as two profiles given in the bottom of the image. These precipitates are eroded out of the phase layer due to corrosive the major impurity element. Chromium forms compounds and precipitates on the grain boundaries of the binary ironaction of aqueous medium during extensive polishing. Figure 13 shows line scan profiles across a soldered interaluminum compounds. Silicon exits as precipitates in the binary phases and at the interface between the binary and face of a sample acquired from a die casting company. These profiles were taken to confirm the results shown in the ternary phases. Subsequently, a ternary ␣ -(Al,Fe,Si) compound form with manganese as the major impurity ele- Figure 10 (b). The profile was taken with a JEOL JSM-840 SEM using the KEVEX-Sigma software. The image is of ment. Manganese forms compounds and precipitates on the grain boundaries of the ternary iron-aluminum-silicon 1024 ϫ 1024-pixel resolution, and the scanning was done on the straight line running across the microstructure. Data phase. Figure 12 shows the X-ray map of the microstructure of were analyzed on 1024 spots on the line running from the die material to the soldered aluminum. The residence time the sample that underwent a 48-hour diffusion reaction. The image was taken with a JEOL JSM-840 SEM. The of the electron beam on each data point was 8 s. The profile shows the active part of iron and aluminum in the distribution and concentration are shown in gradations of Table II shows the result of the diffraction pattern observed in the metallographic analysis presented earlier. Table III shows the comparison of the lattice parameters Three compound structures matched most of the lines in the patterns obtained from all evaluated samples. These calculated from the d spacing obtained from these experiments for each of the assumed phases, and the ones obtained were Fe 2 Al 5 , Fe 4 Al 13 , and ␣ -(Al,Fe,Si) phases. The respective lines of each phase are given against their respective for the phases from the JCPDS card files. The lattice parameters were calculated using the Cohen's method. [27] The d-spacing values. Only the very strong and strong peaks were considered from the pattern. Weak and very weak structures of each phase were assumed to be that given in the respective card files. peaks were omitted because the strong peaks themselves were sufficient to confirm the phases present in the interme- Figure 14 shows the relation between the overall intermetallic-layer thickness and the square root of time of diffudiate layers. The obtained d spacing for various compounds were within a 1 pct error margin to those obtained in the sion for the diffusion-couple experiments. The origin is taken as a valid data point in the curve because it is the initial JCPDS files. The peaks from the X-ray pattern of the slantpolished samples matched well with that of the powder condition for the diffusion process. The curve obtained is 
a straight line showing that the process is totally diffusion V. DISCUSSION controlled. Although, the growth of the overall intermetallic When the molten metal encounters the steel surface, the layer follows the standard parabolic-rate law, the growth of weak intergranular regions, which are devoid of the hard the individual binary and ternary phases do not follow the carbide phases, are attacked by the melt. This results in parabolic-rate law. The rate constant for the growth of the the formation of the primary solid solution of iron with intermetallic layer was calculated to be 0.1483 mm/hr 1/2 . aluminum, as per the phase diagram shown in Figure 15 . Hence, the rate equation was found to be X ϭ 0.15 и t 1/2 , The phase boundary attack, which is seen in Figure 5 (a), where X is the overall intermetallic-layer thickness, and t is the time in hours.
results in the loosening of the steel grains, which eventually steel/aluminum interface reaction. In these SEM images, the different stages of intermetallic layers growing, following the pitting process, can be observed. The intermetallic phases grow radially out of the erosion pits, forming pyramidshaped intermetallic layers. Apart from the small portion of the initial, binary iron-aluminum phases, these intermetallic pyramids primarily consist of -Fe 2 Al 5 (close to the steel surface) and ␣ -(Al,Fe,Si) phases (close to the soldered aluminum). Two processes primarily govern the formation of the intermetallic layer in this stage. One is the diffusion of the iron atoms out of the steel surface through the intermetallic layers, causing the formation of the binary iron-aluminum intermetallic phases. The other process is the continuous reaction of the top layer of the binary phase with aluminum to form more binary and, finally, ternary intermetallic phases, as governed by the phase diagrams shown in Figures 15 and 16 .
Initially, the growth of the ternary phase is more pronounced due to the rapid diffusion of the iron atoms and Fig. 15 -Iron-aluminum binary phase diagram. [14] the rapid reaction with the available molten metal. The presence of fresh molten aluminum at every shot enhances the kinetics of formation of the ternary phase. Once these pits separate from the surface due to the high drag forces of the start to widen and merge with each other, as shown in Figures incoming metal during casting. This gives rise to pits on the 4(c) and (e), the aluminum melt comes in contact with the die surface. The iron from these pits and the loosened grains steel surface only through the cracks and passages between start to diffuse out resulting in the formation of a series two adjacent pits; hence, the growth of the binary -Fe 2 Al 5 of intermetallic compounds between aluminum and iron.
compound is more pronounced. The reaction is driven by Silicon and other impurity elements in the steel and the melt the diffusion of the iron atoms forming the binary -Fe 2 Al 5 do not take part in the initial reactions because they are rather than the chemical reaction with the aluminum melt. heavy elements and are not in sufficient concentrations to effectuate reaction phases. These minor elements precipitate Thus, once the pits start to merge with each other and cut surface and unpolished region of the intermetallic layers. The unpolished layer does not show any porosity. Instead, the maps show that these areas were occupied by a zinc and iron-rich intermetallic phase. Polishing in an aqueous medium for three to four weeks resulted in the corrosion of this phase and resulted in porosity. Figure 7 shows the cross section of an intermetallic layer between steel and aluminum that was separated mechanically. The growth pattern of the intermetallic layers can be deciphered from this micrograph. It can be seen that the intermetallic layers grew in a columnar fashion, away from the steel surface. Silicon was present as precipitates in the binary iron-aluminum phase, as shown in Figures 6(c) , 7, and 9(c). Silicon-rich phases precipitated at the grain boundaries of the binary Fe 2 Al 5 phase layer, and the large star-shaped silicon precipitates were pushed to the boundary between the binary and the ternary phase layers in the microstructure (Figures 6(b) , (c), and 9(c)). Figure 9 Fig . 16 -Al-Fe-Si ternary system between 570 ЊC and 600 ЊC. Phase marked 5 is also known as ␣. [8] shows a comparison of the microstructural features of the diffusion sample and a soldered sample from industry. The growth patterns and the compositions of the intermetallic off the supply of aluminum melt to the steel, the -Fe 2 Al 5 phases are similar. The data confirm that the mechanism of layer grows faster than the ␣ -(Al,Fe,Si) layer. The growth soldering is a diffusion-driven process. of the intermetallic layer continues until all cracks close up,
The hypothesis that binary iron-aluminum intermetallic and this occurs roughly when the ratio of the thickness of phases grow near the steel interface followed by a ternary the intermetallic layer and the soldered aluminum layer is ␣ -(Al,Fe,Si) compound is confirmed by the concentration 1:5. This explains the observation that most of the cross profiles shown in the Figure 10 . Despite a 5 pct variation sections of pronounced soldering exhibit a ratio of 1:5. due to inaccuracies in the background subtraction of the Microstructural observations of the soldered samples from peaks generated by the EDX analysis software, one can commercial die-casting shops and those from the controlled safely state that all the phases present in the binary ironexperimental work led to the hypothesis that soldering is a aluminum phase diagram (Figure 15 ) are present in the soldiffusion-driven process. This hypothesis is supported by dered intermediate layers. The presence of these phases is the diffusion-couple experimental results.
clearly demarcated by the miscibility gaps corresponding to The microstructures shown in Figures 6 and 8 reveal that the intermediate, immiscible two-phase regions of the binary iron is the primary diffusing species in the system. This is phase diagram. The variation in the values obtained by the shown by the growth of the diffusion products out of the EDX spot analysis is no less than 10 pct of those found in steel surface rather than into the steel. Also, EDX analysis the phase diagram. This can be attributed to the fact that a and X-ray diffraction patterns of the phases in the intermediperfect background subtraction of the X-ray peaks is not ate layers reveal that the layer closest to the steel surface is available and that the lattice of the binary compounds contain most likely a series of binary iron-aluminum phases dictated impurity elements, such as chromium and manganese, which by the iron-aluminum phase diagram shown in Figure 15 , tend to decrease the effective percentages of iron and alumiand the layer closest to the aluminum side is most likely a num during the quantitative analysis of the EDX spectrums. ternary ␣ -(Al,Fe,Si) phase dictated by the ternary Al, Fe, Line-scan concentration profiles, shown in Figures 11 and and Si system shown in Figure 15 . Figures 6(b) , (c), and 13, reveal that chromium is a major impurity in the -Fe 2 Al 5 (d) show magnified SEM images of the portions shown in phase and that manganese is a major impurity in the ␣ - Figure 6 (a). There was a relatively thin layer of intermetallic (Al,Fe,Si) phase. The calculated lattice parameters of these phase found between the binary and the ternary phases. This two phases revealed that the unit cell of the orthorhombic is the binary -FeAl 3 (existing as Fe 4 Al 13 ) phase with the -Fe 2 Al 5 phase is extended along the c axis, as expected, presence of various impurity elements from the steel and due to the presence of impurity elements, such as chroaluminum alloy. The composition of iron and aluminum mium atoms. was similar to the -Fe 4 Al 13 phase as found by the X-ray From the analysis of the results of the diffusion-couple diffraction techniques shown in Table II. The large binary experiments, the microstructural analysis of soldered samphase near the steel interface is the -Fe 2 Al 5 phase. This ples from industrial sites, and our experimental matrix, it was affirmed by X-ray diffraction on the powder sample can be concluded that the mechanism of die soldering is obtained from the intermetallic layers in addition to the primarily diffusion-driven. The phases in the intermediate EDX analysis of the region in the soldered and diffusion intermetallic layer between steel and aluminum have been microstructures. The ternary phase closest to the aluminum positively identified based on this analysis. side of the microstructure is the ␣ -(Al,Fe,Si) phase. This was indicated by the EDX analysis of various microstructures and VI. CONCLUSIONS the X-ray pattern. In Figure 6 (a), the ternary phase is rather porous as compared to the other phases. This porosity would
The analysis of the metallurgy and kinetics of the solderhave occurred due to the corrosion of the phases present in ing phenomenon lead to the following conclusions. those areas. Figure 12 shows an X-ray mapping image of the polished 1. Soldering is primarily a diffusion-driven phenomenon.
Diffusion of iron atoms from the ferrous die into the
